Earlier, vitamin C was demonstrated to sterilize Mycobacterium tuberculosis culture via Fenton's reaction at high concentration. It alters the regulatory pathways associated with stress response and dormancy. Since (p)ppGpp is considered to be the master regulator of stress response and is responsible for bacterial survival under stress, we tested the effect of vitamin C on the formation of (p)ppGpp. In vivo estimation of (p)ppGpp showed a decrease in (p)ppGpp levels in vitamin C-treated M. smegmatis cells in comparison to the untreated cells. Furthermore, in vitro (p)ppGpp synthesis using Rel MSM enzyme was conducted in order to confirm the specificity of the inhibition in the presence of variable concentrations of vitamin C. We observed that vitamin C at high concentration can inhibit the synthesis of (p)ppGpp. We illustrated binding of vitamin C to Rel MSM by isothermal titration calorimetry. Enzyme kinetics was followed where K 0.5 was found to be increased with the concomitant reduction of V max value suggesting mixed inhibition. Both long-term survival and biofilm formation were inhibited by vitamin C. The experiments suggest that vitamin C has the potential to be developed as the inhibitor of (p)ppGpp synthesis and stress response, at least in the concentration range used here.
INTRODUCTION
Vitamin C has long been utilized for boosting immunity. Vitamin C is an anti-oxidant agent and strengthens the cell-mediated immunity in humans (Panush et al. 1982; Safarian et al. 1990 ). Deficiency of vitamin C is associated with the higher incidence of diseases such as tuberculosis (Dunn 1945; Chakraborty et al. 2014) . Vitamin C has been shown to accelerate the recovery from tuberculosis (Kennes et al. 1983; Safarian et al. 1990) . Recently, it has been observed that this water soluble vitamin can directly impede pathogen progression such as in the case of tuberculosis. A team led by Professor Bill Jacob observed that vitamin C can kill Mycobacterium tuberculosis, the causative agent of tuberculosis, through Fenton's reaction (Vilcheze et al. 2013) . Vitamin C can completely sterilize a tuberculosis culture at high concentrations (Vilcheze et al. 2013) . Additionally, vitamin C has been shown to selectively improve the antibacterial activity of anti-tuberculosis drugs against M. tuberculosis (Khameneh et al. 2016) . Vitamin C has also been observed to be associated with the stress response and dormancy as illustrated in the transcriptomics profile of vitamin C-treated mycobacterial strain (Sikri et al. 2015) . However, the molecular mechanism of vitamin C is still not clear.
(p)ppGpp is widely regarded as the master regulator of stringent response and dormancy (Chatterji and Ojha 2001; Srivatsan and Wang 2008; Hauryliuk et al. 2015; Syal et al. 2015b; Steinchen and Bange 2016) . We were interested in studying the effects of vitamin C on stringent response pathways. If one compares the structure of vitamin C with the substrate (GDP) for (p)ppGpp synthesis ( Fig. 1) , some striking analogy becomes apparent. The structure of vitamin C has a furan ring in place of ribose ring along with the 1,2 dihydroxy ethyl moiety in place of pyrophosphate of the substrate. We hypothesized that the structure of vitamin C may allow for competition with the natural substrate thus targeting (p)ppGpp synthesis. In this study, we tested this proposition. We selected M. smegmatis for studying vitamin C effects as it is a non-pathogenic model system from the same genus of the pathogenic M. tuberculosis with ideal characteristics including dormancy and its regulation (Syal et al. 2015b) . The regulatory mechanisms underlying vitamin C-induced adaptations are largely unknown due to the lack of detailed functional genomics data. In this study, we characterized the direct effect of vitamin C treatment on (p)ppGpp synthesis, stress response and the physiology of M. smegmatis.
MATERIAL AND METHODS

Inhibition assay
pET 21b plasmid was used to clone the rel gene from Mycobacterium smegmatis. Escherichia coli DH5α and E. coli BL21 (DE3) strains were used for plasmid purification and protein overexpression/purification, respectively. Identity of Rel protein was confirmed by mass spectrometry (Syal and Tadala 2015) . (γ )-− P 32 -ATP (125 μCi, 3500 Ci mmol −1 ) was incubated with 200 μg of purified Rel full length protein, 1 mM non-radioactive ATP, 50 mm HEPES (pH 7.4), 5 mm MgCl 2 , 50 mm NaCl and 1 mM GTP in a reduced condition as mentioned elsewhere for (p)ppGpp synthesis assay (Syal and Chatterji 2015) . Inhibition assays were performed by adding vitamin C to the reaction mixture at zero time point. The protein was removed by precipitation due to heating at 95
• C for 5 min followed by centrifugation at 12 000 rpm for 10 min. The supernatant was transferred into a new Eppendorf and loaded on a polyethyleneimine (PEI) cellulose sheet and kept in a buffer tank for thin later chromatography (Mobile phase-KH 2 PO 4 , 1.5 M, pH 3.5). Radioactive spots were analyzed by phosphor-image analysis (BIORADPharosFX Plus Molecular Imager). Densitometric analysis of the pppGpp was carried out as elaborated previously (Syal et al. 2015a) .
Isothermal titration calorimetry
ITC curve was derived on ITC200 Micro Calorimeter instrument (manufactured by GE Healthcare). Vitamin C was titrated into the cell component containing Rel enzyme through syringe. Cell component volume is 200 μl and syringe component volume is 40 μl. Both Rel enzyme and vitamin C were solubilized in the same buffer (20 mM TrisCl pH 7.9 and 50 mM NaCl). Protein concentration was in between 5 and 45 μM and ligand concentration was varied from 125 to 3000 μM. Data obtained were fitted using sequential binding site model by Origin software (Version 7.0, provided by MicroCal). The first data point was deleted and the vitamin C buffer control responsible for heat of dilution (of ligand) was subtracted. Peak integration and calculation of stoichiometry/Ka/other parameters were also carried out in Origin software. Experiments were reproduced at least three times (Syal et al. 2015a ).
Enzyme kinetics
Rel enzyme derived from M. smegmatis was used to follow the enzyme kinetics. The synthesis activity of the enzyme was quantified in the presence of vitamin C. We estimated the V max and K 0.5 values in steady-state kinetic experiments for the full-length Rel protein. Radiolabeled ATP was used to label pppGpp (as described before) which was subsequently quantified by densitometric analysis for plotting the standard curve (Murdeshwar and Chatterji 2012; Syal and Chatterji 2015) . The kinetic parameters K 0.5 and V max were calculated using enzyme kinetics plots. It should be mentioned here that pppGpp is visible on TLC sheet due to the (γ )-− P 32 at its 3 position which comes from the (γ )-− P 32 -ATP. Substrate (GTP) concentration was varied across reaction mixtures from 0 to 3000 μM concentration for estimating the inhibition by 2 mM vitamin C. Range of substrate concentration was standardized in order to achieve the saturation. Assay mixture alone was taken as the negative control. pppGpp quantification was done as mentioned in previous sections. K 0.5 and V max values thus obtained for pppGpp synthesis were compared with the values derived from kinetic study conducted in the absence of compounds (Syal et al. 2015b ).
In vivo (p)ppGpp quantification assay
Mycobacterium smegmatis mc 2 155 strain was grown in the presence of vitamin C to an OD 600 of 0.2 in 5 mL 1× MOPS medium supplemented with 80 μg/mL Casamino acids, 0.05% (vol/vol) Tween 80, 2% (wt/vol) glucose at 37
were radiolabeled by adding [o-32 P] phosphoric acid (specific activity, >3 000 mCi/mmol; BRIT) directly to the growth medium to a final concentration of 100 μCi/mL. Cells were pelleted at 72 h of growth followed by lyophilization. Equal amount of cells (3 mg each) were weighed and suspended in 20 μl of 1X MOPS solution.
(p)ppGpp was extracted from cells by the addition of 12 N formic acid and stored on ice for 20 min. Sample was centrifuged at 13 000 rpm, 4
• C, for 10 min. Two microliters of supernatant, normalized to an OD 260 of 2.0, was spotted onto a PEI-cellulose thinlayer chromatography (TLC) sheet (Merck) and developed in one dimension in 1.5 M KH 2 PO 4 (pH 3.5). The TLC sheets were then air-dried and phosphor imaged (Fujifilm FLA5000), and spots corresponding to (p)ppGpp were analyzed by densitometry as described before. The spots were scratched, dissolved in water, centrifuged and supernatant was transferred into a new Eppendorf. This supernatant contained (p)ppGpp as identified by MALDI-TOF mass spectrometry.
Long-term survival assay
Wild type, Rel knockout and Rel complement strains were grown in minimal media (MB7H9 containing 0.02% (w/v) glucose and 0.05% (v/v) Tween 80) and vitamin C. The cultures were maintained without antibiotics so as to rule their effects on long-term survival. The colony forming units (cfu) were determined for cultures at several time intervals for 14 days (Syal et al. 2016) . Vortexing was done with 0.5 mm glass beads before plating on a MB7H9 agar plate for preventing the aggregation of cells.
Biofilm formation
Mycobacterium smegmatis mc 2 155 was cultured in Sauton's media with 2% glycerol and 0.05% Tween-80 and used as the primary culture. The procedure was followed as described elsewhere (Naresh et al. 2011) . Six-well culture plates (Laxbro) were utilized for growing biofilm in which primary inoculum was diluted to 100 times with Sauton's medium (∼5 mL). Vitamin C was added at zero time point, and plates were incubated in humified incubator at 37
• C. Morphology of M. smegmatis was captured using Biorad gel doc system at 72 h time point.
RESULTS
Inhibition of (p)ppGpp synthesis in vitro
We noticed significant inhibition of pppGpp synthesis by vitamin C in vitro (Fig. 2) . Furthermore, we observed this inhibition over a wide concentration range of vitamin C. The inhibition of pppGpp synthesis was directly proportional to the vitamin C concentration. Interestingly, with an increase in vitamin C concentration, (p)ppGpp synthesis was completely abolished. In addition, it suggests that vitamin C can act as a precursor for more potential inhibitors, that is, it can be chemically modified into the more potential derivatives. Reaction mixture was prepared in buffer of pH 7.4 which was further confirmed after the addition of vitamin C by pH strip. Figure 2 . In vitro analysis of the effect of vitamin C on pppGpp synthesis by purified RelMsm enzyme (left panel). Negative control (-ve) is the assay mixture without enzyme and positive control (+ve) is assay mixture with enzyme but without vitamin C. Inhibitory effects of vitamin C ranging from 5 to 100 mM concentration on in vitro pppGpp synthesis were evaluated by densitometric analysis, and amount of (p)ppGpp has been normalized with respect to positive control (right panel). Experiment was reproduced in three biological replicates. Student's t-test confirmed significant inhibition. P-value was estimated to be <0.05.
ITC analysis
The inhibition of (p)ppGpp synthesis by vitamin C appears to be due to the direct binding of the vitamin C with the enzyme. The analogy with the substrate cannot be ruled out here (Fig. 1) . We conducted ITC analysis for determining the binding kinetics. It was observed that there were two binding sites for vitamin C, upon fitting the curve as per sequential binding site model. Though the binding was weak, the saturation of Rel enzyme could be achieved (Fig. 3) . Binding of ligand (vitamin C) and protein (Rel enzyme) was found to be driven by enthalpy. Interestingly, entropy was negative for both binding sites but overall change in free energy was favorable for binding due to the contribution from the change in enthalpy. Binding was weak explaining the need for the high concentration of vitamin C for inhibiting the (p)ppGpp synthesis. Both binding sites of vitamin C were independent of each other. The K represented the association constant (K a ). The dissociation constant, K d , was calculated by reciprocating K a and found to be nearly 52 and 430 μM for the two binding sites. Student's t-test confirmed the significance (P-value < 0.05). 'WT' represents the synthesis of (p)ppGpp in the absence of vitamin C and 'C' represents that with 1 mM vitamin C. 'AU' represents arbitrary units.
(p)ppGpp in vivo assay
In vivo (p)ppGpp synthesis was found to be downregulated by vitamin C endorsing the potential physiological role of vitamin C. Such downregulation of (p)ppGpp synthesis can render stringent response defective which may impede the survival of bacteria inside host (Fig. 4) . The concentration used here was lower than the concentration used in previous studies in Mycobacterium smegmatis (Vilcheze et al. 2013) . (p)ppGpp is critical for survival in stationary phase and thus becomes an important drug target to counter the long-term survival of the bacteria under prolong stress.
Enzyme kinetics
Enzyme kinetics for the synthesis of (p)ppGpp by Rel MSM enzyme was followed at the variable concentration of the substrate (GTP). Interestingly, the kinetics of (p)ppGpp synthesis by Rel MSM enzyme fitted well with the Hill plot. We observed that reaction rate [V] vs substrate concentration [S] plot for the Rel MSM enzyme was sigmoidal and such saturation enzyme kinetics usually follows the Hill equation. Here, K 0.5 is the substrate concentration at which the reaction rate is half of V max . It is inversely proportional to the apparent affinity of the enzyme. We observed an increase in K 0.5 indicating that higher concentration of substrate was needed to achieve the same level of (p)ppGpp synthesis in the presence of vitamin C (1 mM) in comparison to the control. This increase in K 0.5 with concomitant reduction of V max demonstrated mixed inhibition by vitamin C. WT denotes control enzyme without vitamin C (Fig. 5) . The Hill coefficient value was observed to be more than one (>1) indicating positive cooperative binding, or binding of one ligand molecule to the enzyme induces the binding of other ligand molecules.
Long-term survival and biofilm formation
The ability of M. smegmatis to survive limited carbon source for prolonged period was evaluated in the presence of 2 mM vitamin C. The strain treated with vitamin C showed more than 50 % reduction in viability of cells after 4 days in comparison with that of the untreated strain. The viability was further reduced with time as evident by the reduction in viable cells. Vitamin C inhibited the long-term survival and thereby holds a promise for direct therapeutic implications. The long-term survival is highly dependent on (p)ppGpp-mediated stringent response.
Bacteria exist in planktonic and biofilm forms where biofilm protects bacteria from the hostile conditions such as antibiotics.
Mycobacterium smegmatis forms biofilm in the Sauton's media at 37
• C, in humidified incubator. The morphology of M. smegmatis biofilms was checked after 72 h. The wells, where vitamin C (2 mM) was added, showed significant defect in biofilm formation in comparison with that of the untreated control (Fig. 6) . A complete layer of biofilm was observed in the case of wildtype M. smegmatis (positive control). On the other hand, negative control in the absence of inoculum showed no biofilm formation.
DISCUSSION
In a recent study, vitamin C was shown to kill the drug susceptible, multidrug-resistant and extensively drug-resistant Mycobacterium tuberculosis strains (Vilcheze et al. 2013) . Transcriptomics profile of vitamin C-treated M. tuberculosis culture suggests its direct link with bacterial stress response and associated pathways (Taneja et al. 2010) . Since it was related to stress response pathways and (p)ppGpp is the key molecule involved in such pathways, we were motivated to study the effects of vitamin C on synthesis of (p)ppGpp and its associated phenotypes. Our observation that vitamin C can directly bind to Rel enzyme responsible for (p)ppGpp synthesis and lead to inhibition of (p)ppGpp synthesis is noteworthy. Secondary messenger (p)ppGpp plays critical role in adaptation to the hostile conditions. One of such adaptation strategies is biofilm formation. Biofilm formation is a very dynamic process involving several stress-related signaling cascades. Inhibition of biofilm formation indicates that the stress-related signaling cascades responsible for biofilm formation are compromised (Naresh et al. 2012; Syal et al. , 2016 . Earlier, it has been demonstrated that targeting (p)ppGpp can inhibit biofilm formation which is in agreement with our studies (Nunes-Alves 2014). Long-term survival of (p)ppGpp mutant of M. tuberculosis was reported to be compromised inside host (Primm et al. 2000) . The inhibition of synthesis of (p)ppGpp by vitamin C suggests an incredible possibility of developing a potential therapeutic (Weiss and Stallings 2013) . Our observation of defects in long-term survival correlates with the inhibition of (p)ppGpp synthesis further supporting such contention. Since vitamin C targets multiple pathways, defects in long-term survival can be attributed to other pathways as well. Earlier, it was shown that vitamin C kills tuberculosis bacteria by Fenton's reaction (Vilcheze et al. 2013) . Our work elaborated the direct role of vitamin C in stringent response by alteration in levels of (p)ppGpp thus suggesting multiple pathways for mode of action of vitamin C in mycobacteria. Though the concentrations required are higher and not in the desired micromolar to nanomolar range of concentration needed for therapeutics, one may further appropriately modify the vitamin C molecule for the development of efficient therapeutic.
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